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Abstract

The formation and evolution of the Jiangnan orogen at the southeastern margin of the Yangtze Block, South China, are an
important and debatable topic. The Meso- to Neoproterozoic basic—acid rocks from Hunan Province record the history of the
western Jiangnan orogen in the area. The Mesoproterozoic basalts and diabases from Nangiao are the typical N-MORB, having
very low KO, low incompatible HFSE and REE, and depletgd(T) values (+6.86 to +8.98). They may represent the fragments
of an obducted oceanic crust or the relicts of the oceanic crust in a “forearc basin” along an ancient subduction zone, which
provides new evidence for the existence of the Jiuling Old Island Arc. The Mesoproterozoic komatiitic basalts from Yiyang are
high in Al,O3/TiO,, MgO, Ni and Cr, and are depleted in Nb and Ti. These plume-derived magmas are associated with island-
arc tholeiites and exhibit the geochemical characteristics of the arc magma, suggesting that the Mesoproterozoic komatiitic
basalts might be the products of the plume—-arc interaction. The Neoproterozoic andesitic rocks from Baolinchong, with strong
depletions of Nb, Ti and enrichment of LILES, are of typical island—arc volcanic origin. The Neoproterozoic granites from
northeastern Hunan are strongly peraluminous (SP) granites, with high ASI (>1.1) and high ga@ihia(>0.3), suggesting
that they might be derived from the partial melting of the psammitic sources in the Mesoproterozoic Lengjiaxi Group. The
field geological, chronological, petrographical, geochemical, and isotopic features of these granites indicate that they are the
products of post-collisional magmatism related to the breakoff of subducted slab, similar to the andesitic rocks from Baolinchong.
The Neoproterozoic basic rocks from the western and central Hunan have the geochemical signatures of rifting basalts, with
normalized patterns similar to ocean island basalts (OIB). Their occurrence in intraplate extensional environments is considered as
indicators of the rifting of the area. Both the distribution style and field geological evidence of these Neoproterozoic basic rocks are
notin line with a mantle plume model. Based on geochemical and petrological studies of the Meso- to Neoproterozoic basic—acid
rocks, a preliminary model for the formation and evolution history of the western Jiangnan orogen in the area was put forward.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction son between the eastern, central and western parts of
the Jiangnan orogen, and for understanding the evolu-
The Jiangnan orogen, also known as the Jiangnantion of the orogen. In this paper, we report new analyses
Oldland and Jiangnan Fold Belt, is a ca. 1500 km long for major and trace elements and for Nd, Sr isotopes of
NEE-trending belt at the southeastern margin of the the Meso- to Neoproterozoic basic—acid rocks that oc-
Yangtze Block, South Chind({g. 1). The orogenisthe  curred and/or intrude in the Mesoproterozoic Lengjiaxi
suture belt between the Yangtze and Cathysia blocks in Group, Neoproterozoic Banxi Group and Sinian Series
South ChinaGuo et al., 1980; Chenetal., 1991; Xuet in HPWJO. These data place constraints on the tec-
al., 1992; Zhou and Zhu, 1993; Shu et al., 1p%he tonic settings of the Precambrian magmatism and on
tectonic evolution of the Jiangnan orogen is an issue of the crustal evolution of the region before and after the
long-standing debaté&uo et al. (1980proposed that  assembly of the Yangtze and Cathysia blocks.
the Jiangnan orogenic belt was the result of the Meso-
to Neoproterozoic amalgamation of the Yangtze and
Cathysia blocks. HoweveHsi et al. (1988)einter- 2. Regional geology
preted the non-fossiliferous Banxi Group in the Jiang-
nan orogen as a Mesozoic melange and proposed that The Meso- to Neoproterozoic strata in HPWJO
Yangtze and Cathysia were collided in the Triassic. comprise two low-grade metamorphic rock series
Recent geochronological, geochemical and isotopic separated by an unconformity, marking the bound-
studies of the granites and ophiolites, however, sug- ary between the Meso- and Neoproterozdim( 1).
gest a Neoproterozoic continental collision between The Mesoproterozoic metamorphic rock series (or the
the two blocks Chen et al., 1991; Xu et al., 1992;  Lengjiaxi Group) is distributed in western, eastern and
Zhou and Zhu, 1993; Shu et al., 1995; Charvet et al., northeastern Hunan Province, and is composed mainly
1996; Li et al., 199). Recently, it was proposed that of psammitic to pelitic rocks with flysch rhythm.
the Jiangnan orogen is part of Grenvillian-aged oro- The Lengjiaxi Group is characterized by the inter-
gens in the worldL(i and Mu, 1999; Li et al., 2002 calations of pyroclastics and tholeiitic-calc-alkaline
being formed at-850 Ma ¢Zhao and Cawood, 1999; lavas metamorphosed in greenschist facies, and con-
Lu, 200D). stitutes the basement of the Yangtze block in the
The Jiangnan orogen consists of voluminous Pro- area. It was strongly deformed and shows tight linear
terozoic basic—acid rocks, which are dominated by folds and homoclinal inverted folds with a NE-NEE
strongly peraluminous (SP) granites. Their formations trending fold axis. The age of the group remains un-
have been considered to be related to the “superplume”known, although.iu and Zhu (1994)eported a Pb—Pb
event that led to the breakup of the Rodinia supercon- isochron age of 173& 87 Ma for group, andang et al.
tinent (i et al., 1999, 2003a, 2003bHowever, the  (1997)obtained a Sm—Nd whole-rock isochron age of
model of a Neoproterozoic superplume beneath the 13304 48 Ma for meta-basic volcanics in the middle
South China s still controversial and remains unsolved part of the group.
(Zhou et al., 2000, 2002, 2004, Yan et al., 2002; Xu, =~ The Neoproterozoic metamorphic rock series (or
2002. the Banxi Group, equivalent to the Danzhou Group of
This study focuses on investigating the Meso- to northern Guangxi) is distributed in western, central and
Neoproterozoic basic—acid rocks from Hunan Province northeastern Hunan Provindég. 1), and includes the
in the western Jiangnan orogen (HPWJO). They are lo- lower Madiyi Formation and upper Wugiangxi Forma-
cated between the central and westernmost parts of thetion metamorphosed in lower greenschist facies. The
Jiangnan orogen, and have been interpreted as the prodwugiangxi Formation contains arkose, carbonaceous
ucts of magmatism during the process of the evolution slate and marl deposited in a littoral-neritic environ-
of the Jiangnan orogen in the aré@go, 1983; Jinand  ment, whereas the Madiyi Formation is composed of
Fu, 1986; Liu and Zhu, 1994; Tang et al., 1997; Chen purple sandy conglomerates, arkose, pelitic dolomite
etal., 1998; Wu et al., 2001; Zheng et al., 2Me- and turbidite in a continental-neritic deposition envi-
tailed studies on the Proterozoic igneous rocks from ronment. The two formations exhibit characteristics of
Hunan Province are beneficial for making a compari- extensional tectonic settingi( et al., 1993; Wang and
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Fig. 1. Sketch geological map of the studied areas in Hunan Province, located in the western Jiangnan orogen (modfiedeaftdr 1984,

HRGST, 1976; Zheng et al., 200dtc.). The upper-left simplified map shows the location of Hunan Province in South China; the upper-right
map exhibits the distribution of the Proterozoic strata in Hunan Province. Basalts hosted in the strata of Nangiao are not illustrated in (a). (a)
Nangiao of Liuyang; (b) Shizuitang of Yiyang; (c) Baolinchong of Yiyang; (d) Shanshidong and Huangshidong of Qianyang; (e) Gaogiao of
Xinhua; and (f) Changsanbei and Daweishan in northeast Hunan.

Li, 2003). The Banxi Group is weakly deformed with  a rift basin Chen et al., 1998; Wang and Li, 2003
broad folds. A depositional break might exist between The lower Sinian Series comprises the Jiangkou, Xi-
the Lengjiaxi and Banxi Groupang et al., 2008 and angmeng and Nantuo Formations from bottom to top,
the Banxi Group is considered to have developed in the and its age ranges from ca. 750 to 680 Mé&fg et al.,
period 820-750 MaWang et al., 2003; Wang and Li, 2003; Wang and Li, 2003
2003. The Meso- to Neoproterozoic basic—acid rocks,
The Banxi Group is conformably overlain by the with a total outcrop area of~295kn?, occur in
lower Sinian Series which represents the deposits in western, central and northeastern Hunan Province
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(Pang, 1983; BGMRHP, 1988Mesoproterozoic ba-  formable or faulted contact with the Mesoproterozoic
sic rocks in the Lengjiaxi Group occur as lava flows, Lengjiaxi Group BGMRHP, 1988, suggesting that
diabase dykes and layered sills dominantly in the they might be Mesoproterozoic. The komatiitic basalts
Yiyang—Changsha—Liuyang are@d. 1). Neoprotero- from Yiyang have pillow structure, and are associ-
zoic basic (and some intermediate) rocks in the Banxi ated with the Mesoproterozoic tholeiitesigo, 1983;
Group crop out as pyroclastics, lavas and dykes in the HRGST, 1988; He and Han, 1992
Guzhang—Zhijiang—Qianyang—Tongdao area. In addi- The Neoproterozoic andesitic agglomerates and
tion, some basic volcanic rocks occur in the lower breccias from Baolinchong, 15km south of Yiyang
Sinian Series (Jiangkou Formation) scattered in central city, occur at the bottom of the Banxi Groulgig. 1c).
Hunan Province, especially in the Gaogiao Village of These andesitic rocks yielded a SHRIMP U-Pb zircon
Xinhua County, Matian village of Wangcheng County age of 81412 Ma (Wang et al., 2008 interpreted
and Leishendian Village of Xiangxiang County. Neo- as the lower limit of the Banxi Group/Nang et al.,
proterozoic granites, a part of the westward extension 2003.

of the Jiuling pluton in Jiangxi Province, are mainly lo- The Neoproterozoic basic rocks from Qianyang
cated in northeastern Hunan Province. The basic—acidand Guzhang are regarded as the products of con-
rocks studied in this work include: (1) the Mesopro- temporaneous magmatisriyg, 1994; Zheng et al.,
terozoic basalts and diabases from the Nangiao vil- 2001). They occur in the Wugiangxi Formation of
lage of Liuyang county, and the komatiitic basalts from the Banxi Group and mostly show coincident bed-
Yiyang city; (2) the Neoproterozoic andesitic agglom- ding planes with the country rock§i¢. 1d). Some
erates and breccias from the Baolinchong village of diabases intersect the bedding of the country rocks.
Yiyang city, basalts and diabases from Qianyang and The contact zone between the basic intrusions and
Guzhang counties, and the breccia basalts from the the country rock underwent weak metamorphism, with
Gaogiao village of Xinhua county in central Hunan; contact metamorphic aureoles. Recerdllgeng et al.
and (3) the Neoproterozoic granites from northeastern (2001) obtained Sm—Nd whole-rock isochron ages
Hunan. Simplified stratigraphic column and charts of of 8684+ 30Ma and 855-6 Ma for the basalts and

magmatism in the area are givenhig. 2 The gen- pyroxenite-diabases, respectively, but both data are
eral geological features of each study area are briefly questionable for their limited variation in Sm/Nd ra-
introduced as follows. tios. According toZheng et al. (2001)the Neopro-

The Mesoproterozoic basic rocks from Nangiao terozoic basic rocks are uncomfortably overlain by
of Liuyang occur dominantly in the Lengjiaxi Group the sandstones of the lower Sinian Series (Chang'an
as layered basalts parallel to the bedding planes of Formation, equivalent to the Jiangkou Formation; see
the country rocks. Some basic rocks occur as hy- Fig.2). Therefore, the age of these basic rocks should be
pabyssal diabase dykes that intersect the Lengjiaxi younger than the Wugiangxi Formation and older than
Group Fig. 1a). Contact metamorphic aureoles are ab- the Chang’an Formation, i.e. ca. 760—750 May( 2).
sent between the layered basalts and the country rock. The breccia basalts from Gaogiao of Xinhua oc-
Most of the layered basalts are folded together with cur in the Jiangkou Formation of the lower Sinian Se-
the meta-sedimentary rocks of the Lengjiaxi Group ries (Fig. 1e), and are underlain by the Banxi Group
(HRGST, 197§, suggesting that its age should be and overlain by the upper Sinian Series glacial de-
Mesoproterozoic. The basalts from Nangiao of Li- posits (Nantuo FormationXChen et al., 1998 Thus,
uyang yielded a single zircd?’Pb2%Pb evaporation it is clear that its age should be in the range of

age of 1274 2 Ma (Zhou et al., 2008 the lower Sinian Series, i.e.750-680 Ma as mentioned
The Mesoproterozoic komatiitic basalts are well ex- above.
posed near the Zishui River in Yiyang citi§. 1b). Neoproterozoic granites from northeastern Hunan,

Although these komatiitic basalts have not been dated, with a total outcrop area 6$265.5 kn?, include mainly
they occur in the middle- to upper parts of Lengji- three plutons: the Changsanbei (76.5nDaweishan
axi Group, the same horizons as the 127AMa (75kn?) and Getengling (114 kf) plutons. Granite
basalts from Nangiao of LiuyandGMRHP, 1988. samples analyzed in this study were collected from
The Mesoproterozoic komatiitic basalts are also in con- the Changsanbei and Daweishan plutdfig.(1f). The
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Fig. 2. Simplified stratigraphic column of the Meso- to Neoproterozoic strata and charts of magmatism in Hunan Province, south China (modified
afterWang et al., 2003; Wang and Li, 2003ime scale is afteWang et al. (2003Wang and Li (2003)Li et al. (2003b)andZhou et al. (2003)

The depositional break between the Mesoproterozoic Lengjiaxi Group and the Neoproterozoic Banxi Group is not shown here. (1) Basalts and
diabases from Nangiao, (2) komatiitic basalts from Yiyang, (3) andesitic rocks from Baolinchong, (4) granites from northeastern Hunan, (5)
basic rocks from Qianyang and Guzhang and (6) breccia basalts from Gaogiao. (a) Carbonate; (b) Glacial diamictite; (c) Mn-bearing Carbonate;
(d) Glacial diamictite and conglomerate; (e) Si-bearing slate; (f) Ferruginous pebbly sandstone; (g) Sericite-slate; (h) Continentatpyroclasti

rock; and (i) Psammitic to pelitic rocks.

granitesintrude the metasediments of the Mesoprotero- 3. Petrography

zoic Lengjiaxi Group, and are conformably overlain by

the sandstones of the Dongmen Formation (equivalent3.1. Basic to intermediate rocks

to the Jiangkou Formation) of the lower Sinian Series,

as seen in their eastward extension, i.e. the Jiuling plu- The Mesoproterozoic basalts and diabases from
ton of Jiangxi ProvinceXu and Zhou, 199Pwhich Nangiao are grayish green to dark grayish green and
yield a zircon SHRIMP U-Pb age of 8#99 Ma (Li et show blastodiabastic texture. The matrix, consisting of
al., 20033 oligoclase (Anz_24), exhibits an intergranular texture.
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Accessory minerals include chalcopyrite, pyrite, il- (microperthite and microcline), quartz, biotite and
menite and titanite. Nangiao basic rocks were replaced variable amounts of muscovite. The typical aluminum-
by tremolite, chlorite and clinozoisite (some display rich minerals are cordierite and garnet. Accessory min-
strong carbonation). erals include zircon, tourmaline, monazitdRGST,
The Mesoproterozoic komatiitic basalts from 1976 and magnetite. Most of the granite samples show
Yiyang show pillow structures. The pillows have acon- weak deformation due to faulting and other tectono-
vex upper edge and a flat lower edge, about 0.5-2 m thermal events, represented by flaser and stretching
long and 0.2-0.5m thick and show preferred orienta- quartz grains, weak preferred orientation of quartz,
tions. Interstices between the pillows with devitrified biotite and muscovite having wavy extinction under
shells are filled by devitrified and tuffaceous matrix. microscope. Some samples of granites with catacla-
We did not find any primitive spinifex relicts in the pil-  sis and recrystallization show an obvious gneissic tex-
lowed komatiitic rocks, though they have beenreported ture. The plutons contain various enclaves which are
(Xiao, 1989. The komatiitic basalts were generally re- dominantly mica-rich. The angular enclaves, having a
placed by tremolite, sericite, talc and epidote, show- composition similar to that of the wall rocks, occur at
ing strong alteration. Tremolite (0.5-1.0mm long and the protruding part of the pluton, and the magmato-
0.025-0.05 mm wide) is scattered in the altered matrix genic microgranitoid enclaves were also reporbédl, (
in radial or bunchy aggregate. The pillow structure of 1989.
the komatiitic basalts shows a typical characteristic of
subaqueous eruptive lavas rather than high MgO cu-
mulates. 4. Analytical techniques
The andesites, including the Neoproterozoic an-
desitic agglomerates and breccias from Baolinchong  Major elements were determined by the conven-
of Yiyang, show a porphyritic texture with a glassy tional wet-chemistry method at the Central Laboratory
matrix. The tabular plagioclase phenocrysts are ande- of Department of Earth Sciences, Nanjing University
sine (Arss_40), and the biotite phenocrysts show dark (NJU) with procedures similar to those reported ear-
margins by oxidation. lier (Liu et al., 1999; Huang et al., 20DFive samples
The predominant phenocrysts in the Neoprotero- (NQ-24, NQ-26-1, CS-30, DW-33-1 and DW-34) were
zoic diabases and basalts from Qianyang and Guzhanganalyzed for major elements with an analytical preci-
are augites. The reaction rim is found at the margin sion less than 1%, using a VF-320 X-ray fluorescence
of augite phenocrysts. The matrix shows a gabbro- spectrometer (XRF) at the Center of Modern Analysis,
intergranular texture, in which plagioclases are oligo- NJU, following the procedures described Bsanzini
clase (Anr3z_27), with some andesine (Ag40. These etal. (1972)
Neoproterozoic basic rocks were replaced by tremo-  Rare earth and other trace elements were analyzed
lite, chlorite, clinozoisite and calcite due to low-grade using ICP-AES (JY38S) and ICP-MS (Finnigan MAT-
metamorphism. Element 2) machines housed at the State Key Labora-
The breccias in the Sinian breccia basalts from Gao- tory for Mineral Deposits Research, NJU. Procedures
giao of Xinhua are composed mainly of slaggy basalts for ICP-AES are similar to those &fu etal. (1999)and
with many vesicles, in which the cement was replaced Zhu et al. (2001)with a relative accuracy of 5-10%,

by chlorite, calcite and quartz. and that for ICP-MS similar tZhou et al. (2004)The
American USGS, Japanese JGS and Chinese IGGE
3.2. Acid rocks standards were used for monitoring the quantity of

analyses throughout the analytical processes for ICP-
The dominant rock types of the Neoproterozoic MS. Precisely weighted 50 mg sample powders were
granites batholith from northeastern Hunan are the dissolved in Teflon bombs using HF + HN@ixture.
biotite-rich and cordierite-bearing granodiorites with An internal standard solution containing the single ele-
minor adamellite, two-mica granite and rare pla- ment Rhwas used to monitor signal drift during count-
giogranite BGMRHP, 1988. Major rock-forming ing. Analytical precision for most elements by ICP-MS
minerals include plagioclase (Af1.37), K-feldspar is better than 5%.
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Sm-Nd and Rb-Srisotopic compositions of all sam- TF o
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Major and trace element data are listedrable ], Fig. 4. Zr/TiO;—Nb/Y diagram for the Meso- to Neoproterozoic ba-
and the Sm—Nd and Rb-Sr isotopic data are pre- sic rocks from Hunan Province (afté¥inchester and Floyd, 1977
sented inTable 2 Totals for major element oxides Note Zris calculated in wt%. Symbols as Fig. 2
are recalculated to 100% volatile free in plotting.

The volcanic rock types in HPWJO include basalts, Geochemical characteristics of these Meso- to Neo-

basaltic andesites, trachybasalts, basaltic trachyan-proterozoic basic—acid rocks will be further discussed

desites with lesser andesites as shown on SEDsus later based on some immobile major element oxides

NapO + K0 (TAS) and Nb/Y versus Zr/Tigdiagrams ~ (MgO, Al03 and TiQ,), compatible elements (Ni,

(Figs. 3 and % Both diagrams indicate that the Meso- Cr), HFSEs (Nb, Th, Ta, Zr and Hf) and REEs (ex-

proterozoic basic rockss € 3.7) and the Neoprotero- ~ cept Eu) to minimize the effects of metamorphism and

zoic breccia basalts are sub-alkaline basalts, whereasalteration.

other Neoproterozoic samplesX3.7) with normative

nepheline (sample QY-3, QY-5 and QY-8) are clas- 5.1. Basalts and diabases from Nangiao

sified as alkaline basalts. The andesitic agglomerates

and breccias§(< 3.7) from Baolinchong of Yiyang be- Basalts and diabases from Nangiao of Liuyang

long to calc-alkaline series. Evidently, the graniteswith are tholeiitic with especially low KO contents

high normative corundum (2.69-3.80 wt%sgble 1 (0.10-0.22wt%), high CaO, low Fé®gO ra-

and ASI (1.19-1.32Table ) from northeastern Hu-  tios and a few normative quartz. Their REE pat-

nan are strongly peraluminous granitegy( 5). terns Fig. 6a), similar to those of the typi-
cal N-MORB, display obvious LREE depletion
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Fig. 3. TAS diagram for the Meso- to Neoproterozoic basic rocks ALLO/(Ca0+Na,0+K;0) (molar)

from Hunan Province (aftéaitre etal., 1981 (1) Basalts, Nangiao,

(2) komatiitic basalts, Yiyang, (3) andesitic agglomerates and brec- Fig.5. Diagram of A/INK vs. A/ICNK for the Neoproterozoic granites
cias, Baolinchong, (4) diabases and basalts, Qianyang, (5) Basalts,from northeast Hunan (aftétaniar and Piccolli, 1989 Solid circle,
Guzhang and (6) breccia basalts, Gaogiao. this study; open circle, data froivu et al. (2001)



Table 1

Major (wt%), trace and rare earth element (ppm) analyses for the Meso- to Neoproterozoic basic—acid rocks from Hunan Province

Nangiao (Mesop?

Yiyang (Mesop3

Yiyang (Neop.}

BasalP Diabasé Komatiitic basaR Andesit® Andesitic
agglomerate
NQ-2Z NQ-24 NQ-25° NQ-26-1 Yy-14-1° Yy-15-2 Yyb-1° Yyb-2¢ Yy-17° Yy-19-1°
14 24 3d 4d 5d 6 74 gd od 1¢?
Major elements (wt%)
SiO, 49,50 4831 4908 4968 5196 4924 5106 5083 5804 552
TiO, 0.68 046 061 076 046 047 055 053 066 069
Al>03 13.40 1778 1390 1381 1271 1134 1218 1167 1662 1821
Fe,03 253 858 2.87 1163 0.97 247 195 245 538 421
FeO 816 744 7.16 696 7.88 727 173 222
MnO 0.20 015 018 021 014 016 015 015 012 012
MgO 753 689 781 7.15 1085 1327 1370 1376 425 494
CaO 1321 1224 1357 1138 897 1023 1059 1099 414 443
NaxO 157 209 168 202 295 161 049 111 301 352
K20 013 022 018 010 014 031 054 049 201 215
P,Os 0.09 <001 009 003 007 008 008 008 018 019
LOI 2.32 231 243 166 298 351 - - 317 345
Total 9932 9903 9984 9843 9936 9967 9917 9933 9931 9933
Al>03/TiO2 19.71 3865 2279 1817 2763 2413 2215 2202 2518 2639
CaO/NaO 841 586 808 563 304 635 2161 990 138 126
) 0.44 100 057 067 107 059 013 033 168 264
Trace elements (ppm)

La 177 248 177 222 652 935 7.26 6.86 366 731
Ce 425 280 340 463 136 164 149 130 618 115
Pr 075 069 061 083 199 232 196 174 7.10 108
Nd 416 326 328 450 7.28 903 7.88 7.22 284 433
Sm 155 126 121 184 171 209 201 178 526 688
Eu 063 052 051 066 036 057 067 072 127 140
Gd 302 221 240 343 200 235 339 351 409 484
Th 0.56 041 044 060 032 038 029 035 052 059
Dy 451 318 345 453 219 254 228 225 295 342
Ho 104 083 Q79 126 046 054 050 045 060 071
Er 290 239 221 391 122 143 134 131 137 170
m 0.45 040 035 053 020 024 020 017 022 028
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Yb

Lu

Rb

Sr

Y

Sc

Co

Ni

Cr

Zr

Hf

Ba

Nb

Ta

Th

U
Zr/Nb
Nb/La
EUu/Eu
Nb/Nb*
TilTi*
(La/Yb) i
(Gd/Yb)y

3.22
0.48
51
678
27.7
308
564
82
156
39.4
1.14
28
131
011
0.18
0.24
3008
Q74
0.88
0.78
0.71
0.39
0.78

258
039
153
111
195
345
359
110
441
253
Q72
162
064
007
029
012
3953
026
094
026
062
069
a71

255
039
6.2
745
216
308
533
97
158
339
101
66
127
013
010
024
2669
072
090
095
080
050
Q078

387
061
43
702
255
433
402
98
149
450
124
126
129
012
062
018
3488
058
079
034
072
041
073

140
022
55
819
122
27
740
330
970
520
113
98
37
015
246
029
1405
057
059
027
Q77
334
118

161
025
112
758
146
275
600
338
996
500
120
151
32
015
241
032
1563
034
078
021
059
417
121

119

024
23
81
113
18
420
293

842

122
<010
17
7
113
20
37.0

232

863

54

100

43

1080
073
086
023
048
403
238

150
022
757
440
153
173
212
59
142
156
391
487
644
054
109
157
2422
018
081
010
042
1750
226

191
029
795
291
172
184
258
46
146
174
448
453
716
061
119
185
2430
010
Q070
008
039
2745
210
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Table 1 Continued

Northeastern Hunan (Neop.) Qianyang and Guzhang (Nedb.) Gaogiao (Neop?d
Two-mica granit®  Plagio-granité  Grano-diorit& Diabas® Basalf Diabasé Breccia basallt
CS-27-4 CS-3¢ CS-31-f DW-33-1° DW-34 DW-35% Qy-* Qy-¥ OQy-5 Qy-& Gz38 GQ-F GQ-12-2
14 13 14 15 164 1 18 14 20 214 24 23 249
Major elements (wt%)

SiO, 69.84 72.72 70.49 68.25 68.26 68.76 4758 48.86 50.74 43.52 49.60 52.55 51.46

TiO2 0.43 0.29 0.52 0.67 0.69 0.57 1.75 2.69 2.19 2.43 1.75 4.08 4.85

Al,03 13.79 12.94 14.25 14.35 14.49 14.62 12.24 13.72 13.81 13.20 14.66 10.11 10.93

FeO3 0.69 0.40 4.29 5.8C¢° 5.7 1.62 2.69 1.29 1.87 2.22 2.90 5.86 6.25

FeO 2.87 2.38 3.01 8.40 8.67 8.58 8.64 7.97 6.02 5.83

MnO 0.12 0.04 0.06 0.17 0.09 0.08 0.18 0.18 0.16 0.17 0.16 0.17 0.12

MgO 1.29 0.87 1.30 1.73 1.86 1.69 1111  3.37 2.46 10.22 5.87 7.33 6.91

CaO 1.45 0.66 1.93 2.03 2.05 2.31 6.26 5.00 5.37 10.55 7.46 5.04 5.19

Na,O 2.08 2.33 2.83 2.41 2.45 2.64 3.15 5.53 5.87 1.85 4.52 0.31 1.07

K20 4.07 4.99 3.12 3.72 3.70 3.42 1.15 1.19 1.64 1.59 0.69 1.25 1.12

P,Os 0.17 0.14 0.10 0.09 0.12 0.14 0.31 0.44 0.88 0.58 0.27 0.86 0.78

LOI 2.57 1.54 1.20 0.87 0.92 1.02 5.02 8.37 5.98 4.96 3.60 5.73 4.82

Total 9937 993 10Q00 10009 10038 9988 9984 9931 9955 9993 9945 9931 9933

Al,03/TiO, 3207 4462 2740 2142 2100 2565 699 510 631 543 838 248 225

CaO/NaO 0.70 028 068 084 084 088 199 090 091 570 165 1626 485

Ne 0.00 124 202 206 000 000 000

C 380 286 294 287 299 269

8 4.04 771 729 2276 411 025 057

ASI 1.32 124 123 123 123 119

Trace elements (ppm)

La 309 349 287 339 330 365 288 416 621 557 275 359 381

Ce 613 67.7 615 704 636 680 529 792 120 103 515 84.9 926

Pr 683 797 721 875 7.99 824 636 958 140 114 6.23 144 157

Nd 273 311 27.0 316 305 323 265 387 586 480 256 57.6 66.0

Sm 566 663 575 7.00 564 6.69 515 788 114 881 533 151 168

Eu 099 080 114 129 099 107 148 222 279 244 154 460 516

Gd 496 572 581 814 676 638 471 740 102 7.36 511 148 164

Th 0.69 069 078 143 084 092 063 099 137 094 068 180 199

Dy 4.07 367 524 115 573 577 380 566 7.90 519 4.02 877 981

Ho 0.80 066 116 304 125 117 Q72 109 152 095 Q77 147 163

Er 193 149 323 102 3.68 290 166 250 349 200 177 269 303

Tm 031 023 047 159 053 044 023 Q037 050 027 026 038 042
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Yb 2.15 155 291 115 3.00 308 152 238 318 158 170 175 194

Lu 0.31 023 044 166 048 045 022 035 045 021 025 025 026
Rb 162 208 132 182 173 170 7 183 411 219 9.5 468 430
Sr 761 489 869 889 732 87.3 356 390 302 942 510 116 108
Y 211 179 262 718 293 312 179 274 37.6 228 196 345 371
Sc 934 548 997 175 138 119 187 228 142 183 241 149 174
Co 15 54 107 148 144 13 712 118 171 57.9 344 397 402
Ni 17.4 149 254 361 389 219 271 211 82 176 748 159 160
Cr 906 340 508 775 867 702 313 76 45 176 141 151 176
Zr 161 111 208 182 157 224 161 246 352 305 166 426 485
Hf 4.18 313 499 510 530 565 349 460 683 496 316 930 108
Ba 417 299 336 349 372 348 1018 397 601 934 411 466 455
Nb 872 896 826 104 101 105 208 37.7 452 498 187 181 201
Ta 100 110 086 115 114 126 166 306 369 428 150 105 120
Th 858 139 112 148 141 113 427 577 891 591 48 213 240
U 177 493 290 290 266 269 070 115 191 145 080 060 057
Zr/INb 1846 1239 2518 1750 1554 2133 774 653 779 612 888 2354 2413
Nb/La 028 026 029 031 031 029 072 091 073 089 068 050 053
Eu/Eu 0.56 039 060 052 049 049 090 087 Q77 090 089 093 094
Nb/Nb* 0.17 012 013 013 013 016 063 082 065 093 054 066 067
Ti/Ti* 0.28 019 029 029 Q037 031 097 097 060 083 091 072 Q77
(La/Yb)n 1031 1615 7.07 211 7.89 850 1359 1254 1401 2529 1160 1471 1409
(Gd/Yb)n 191 305 165 059 186 171 256 257 265 385 249 7.00 699

Mesop., Mesoproterozoic; Neop., Neoproterozoic; Ne, normative nepheline; C, normative cordngittmann index; ASI, molecular ratio of AD3/(CaO + NaO +K>0); —,
not determined.

a Location.

b Rock type.

¢ Sample.

d Number.

€ Total ion as FgOs.
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Table 2
Sm-Nd and Rb-Sr isotopic data for the Meso- to Neoproterozoic basic—acid rocks from Hunan Province

No. Sample Age(Ma)  Sm(ppm)  Nd (ppm) ¥'SmA*Nd  1NdA4“Nd  +20(10%)  eNd(T)  TDM (Ma)

1 NQ-22 1271 1.76 37 0.2818 0.513699 15 & 1304

2 NQ-25 1271 1.51 22 0.2832 0.513819 14 .83 1133

3 Yy-14-1 1271 1.84 23 0.1543 0.512364 11 .86 1734
4 Yy-15-2 1271 2.01 a2 0.1501 0.512339 9 .16 1718

5 Yy-17 814 4.10 25 0.1098 0.512079 9 —1.86 1636

6 Yy-19-1 814 6.23 39 0.0956 0.511965 8 —2.60 1696

7 CS-27-4 819 5.76 27 0.1258 0.512166 8 —-1.78 1634
8 CS-30 819 6.27 28 0.1326 0.512164 15 —254 1695

9 DW-35 819 6.48 33 0.1294 0.512139 10 —2.69 1707
10 QY-2 755 5.06 23 0.1278 0.512338 8 .80 1372
11 QY-3 755 6.32 2% 0.1293 0.512316 10 .23 1418
12 QY-5 755 10.0 4B 0.1273 0.512311 15 .82 1411
13 QY-8 755 8.29 43 0.1148 0.512370 11 .@9 1219
14 GZ-38 755 4.95 29 0.1307 0.512359 11 .83 1361
15 GZb-2 755 3.91 1B 0.1353 0.512310 28 —-0.47 1475
16 GZb-3 755 7.14 33 0.1318 0.512346 21 7 1390
17 GZb-4 755 6.78 37 0.1254 0.512340 9 .Q7 1350

Rb (ppm) Sr (ppm) 87RbpSSK 87grfbsr +25(10°%) (87srP8sr),

1 NQ-22 1271 21 6657 0.0917 0.710942 13 0.709
2 NQ-25 1271 184 7408 0.7734 0.710063 20 0.696
3 Yy-14-1 1271 a0 8291 0.2368 0.712890 18 0.709
4 Yy-15-2 1271 128 7680 0.4997 0.712680 20 0.704
5 Yy-17 814 8788 4030 0.6299 0.712406 28 0.705
6 Yy-19-1 814 7886 3040 0.7494 0.712863 14 0.704
7 CS-27-4 819 163 7300 6.5300 0.786070 13 0.710
8 CS-30 819 202 4594 12.940 0.839865 23 0.688
9 DW-35 819 1756 8151 6.1600 0.782549 18 0.710
10 QY-2 755 2764 3578 0.2231 0.708233 20 0.706
11 QY-3 755 1647 3963 0.1200 0.708290 20 0.707
12 QY-5 755 398 3072 0.3758 0.709171 20 0.705
13 QY-8 755 5196 9735 0.1541 0.707583 20 0.706
14 GZ-38 755 a0 5349 0.0492 0.712095 25 0.712

Note Sample No. 15, 16 and 17: frohiu (1994), others: this study. The komatiitic basalts from Yiyang are hosted in the same horizon as the
12714+ 2 Ma basalts from Nangiao of LiuyanBGMRHP, 1988, maybe 1271 Ma is relatively suitable for the Nangiao basalts. The 760-750 Ma
basic rocks from Qianyang and Guzhang are calculated at 755 Ma. Granites from Notheaste Hunan are similar in age to the Jiulirig Pluton (
et al., 2003a, 2003bAge for the andesitic rocks from Baolinchong is afféang et al. (2003)

contents (0.18-0.62 ppm) of the Nangiao basic rocks vary from 0.696 to 0.709Table 2, suggesting that
are relatively higher than those of the typical N-MORB, the sources were depleted, though the Rb—Sr isotopic
far lower than the average values of crustal gabbros system might have been disturbed by low-grade re-
(3.1 ppm;Haack, 1983 suggesting that crustal con- gional metamorphism. The highyg (T) values (+6.86
tamination may not be important to the Nangiao ba- to +8.98) {Table 9 of these basic rocks indicate their
sic rocks even if it might exist. Their Zr/Nb ratios much depleted mantle sources.

(26.75-39.65) are close to those of the depleted man-

tle (Zr/Nb =~30). Some incompatible HFSE, such as 5.2. Komatiitic basalts from Yiyang

Nb, Zr, Hf and Ti, in these rocks are lower than those

of N-MORB (Fig. 7a), which may be related to their Komatiitic basalts from Yiyang have intermediate
especially low kO, exhibiting typical features of N-  SiO, contents (49.24-51.96 wt%), and have,®
MORB. Initial 87SrP8Sr ratios of the Nangiao basalts contents between 11.34 and 12.71wt%, with low
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Fig. 6. Chondrite-normalized REE patterns of the Meso- to Neoproterozoic basic—acid rocks from Hunan Province. Chondrite-normalization
values and N-MORB data are froBun and McDonough (1989a) Basalts and diabases from Nangiao, (b) komatiitic basalts from Yiyang, (c)
andesitic agglomerates and breccias from Baolinchong, (d) diabases and basalts from Qianyang and Guzhang, (e) breccia basalts from Goagiao
and (f) granites from northeastern Hunan.

TiO2 (0.46—-0.55wt%) and high ADs/TiO, ratios Hollings et al., 1999 They are different from the
(between 22.02 and 27.63). The Nd model adewm( SHMB (Sensarma et al., 20D2vhich are related to
are between 1718 and 1734 Ma, and4ke (T) values subduction in their normal Siand are different from
are from +1.56 to +1.76, suggesting that the magmas the high-Mg basalts formed in extension-dominated
were derived from a slightly depleted mantle. Two geo- settings Mattioli et al., 2000 in their high ALO3/TiO>2
chemical features of these basalts are noticeable. Firstratios. A sub-continental mantle plume is a preferred
they have high MgO (10.85-13.76 wt%),&3/TiO2 source for such high temperature and high-Mg
(comparable to chondrite), Ni and Cr (232-338 ppm komatiitic magmas Nisbet et al., 1998 Second,
and 842-995.8 ppm, respectively) contents, similar to the komatiitic basalts exhibit geochemical signatures
other komatiitic basalts from the Abitibi Greenstone of island-arc basalts with clear Nb and Ti troughs
Belt (Wyman, 1999 and the Northern Superior (Fig. 7b; Nb/Nb =0.20-0.27, Ti/Ti=0.48-0.77),
Province greenstone bel¢llings and Wyman, 1999;  enriched Th (2.41-5ppm) in their primitive
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Fig. 7. Primitive mantle-normalized trace element patterns for Meso- to Neoproterozoic basic—acid rocks from Hunan Province. Primitive mantle
and ocean island basalt (OIB) data are fr8om and McDonough (1989ja) Basalts and diabases from Nangiao, (b) komatiitic basalts from
Yiyang, (c) andesitic agglomerates and breccias from Baolinchong, (d) diabases and basalts from Qianyang and Guzhang, (e) breccia basall
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from Goagiao, and (f) granites from northeastern Hunan.

mantle-normalized patterns of trace elements. They (Condie, 1989 the komatiitic basalts should be

are enriched LREEHig. éb; (La/Yb)y =3.34-4.38,

tive anomalies (Eu/Eu=0.60-0.86). According to
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also classified as the island-arc volcanics for their
(Gd/Yb)y=1.18-2.38] and intermediate Eu nega- Nb/La=0.34-0.57 (<0.8), Hf/Ta=7.59-8.11 (>5),
La/Ta=43.76-63.17 (>15), Ti/Y=194-226 (<350),
the geochemical screens (listed here in parenthe-Th/Yb=1.5-1.76 (>0.1), Th/Nb=0.66-0.75 (>0.07)

ses) of trace elements for Precambrian basalts and Hf/Th=0.46-0.5 (<8).
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5.3. Andesitic agglomerates and breccias from
Baolinchong

Volcanic agglomerates and breccias from Baolin-
chong of Yiyang are andesitic with low MgO and
CaO (4.25-4.94wt% and 4.14-4.43wt%, respec-
tively), high NaO and AbOs3z (3.01-3.52wt%
and 16.62-18.21wt%, respectively). REE pat-
terns of these andesitic rocks show strong en-
riched LREE Fig. 6c; (La/Yb)y=17.54-27.45;
(Gd/Yb)y=2.09-2.26] and intermediate Eu negative
anomalies (Eu/Eu=0.70-0.81), suggesting the
fractional crystallization of plagioclase. Clear Nb and
Ti troughs occur in the primitive mantle-normalized
patterns of trace elemerfify. 7c; Nb/Nb = 0.08-0.10
and Ti/Ti =0.39-0.42, respectively). Moreover, the
enrichments of Th, La, Sm and Nd, and the low
end (T) values (between-1.86 and—2.60) suggest

that these rocks are derived from subduction-related

lavas.

5.4. Basalts and diabases from Qianyang and
Guzhang

93

might have not derived from the very depleted mantle
source.

5.5. Breccia basalts from Gaogiao of Xinhua

Breccia basalts from Gaogiao of Xinhua are tholei-
itic, with high TiOy, low N&O, FeOs/FeO ratios
close to 1.0, and CaO/N@ ratios over 4.8. Their
LREE, especially the MREE, are enriched relative
to the HREE Fig. 6e; (La/Yby=14.09-14.71;
(Gd/Yb=6.99-7.00]. The primitive mantle-
normalized patterns of trace element exhibit a “dome”
shape, with a clear Ti depletion and slight Nb and Y
depletions Fig. 7e), which are distinct from typical
island-arc basalts. The abundances of trace elements,
especially LREE, MREE, Zr and Hf, are similar to
those of OIB, suggesting that their mantle source
should also be enriched.

5.6. Granites from northeastern Hunan
Granites from northeastern Hunan are strongly

peraluminous granites. They have moderate
SiO, (68.26-72.72wt%) and relatively high

Neoproterozoic basalts and diabases from Qianyang (TiO» + FeG + MgO) values (3.90-7.73 wt%), with

and Guzhang have high Tq1.75-2.69 wt%), mod-
erate ApO3 (12.24-14.66 wt%) and low AD3/TiO»
ratios (5.10-6.99). MgO contents are relatively low
(2.46-11.11wt%) and Ni and Cr (8.2-271 ppm and
4.53-312.9 ppm, respectively) increase with increas-
ing MgO, indicating the possibility of the fractional
crystallization of olivine. LREE are highly enriched
[(La/Yb)n=11.62—-25.26, (Gd/Yl)=2.49-3.85] rel-

NapO + K20 (5.95-7.32wt%), KO/NgO (~1.59),
CaO/NaO (>0.3) and Rb/Sr ratios (1.52-4.25)
resembling typical S-type granites in the Lachlan
Fold Belt, SE AustraliaChappell and White, 2001
The REE patterns show an evident LREE and MREE
enrichment relative to HREE (average (La/¥lvplues

of 8.66 and (Gd/Yh) values of 1.80) with moderate
Eu negative anomaliesig. 6f; Eu/Eu =0.39-0.60).

ative to HREE, with weak negative Eu anomalies Sample DW-33-1 shows elevated HREE patterns
(Fig. 6d; Eu/Ed =0.77-0.90). These basic rocks show (Fig. &) due to the presence of garnet. These granites
trace element patterns that are consistent with those ofexhibit an enrichment of LILE (such as Th, etc.)

oceanisland basalts (OIBjig. 7d). Nb/La (0.68—0.91)
and Zr/Nb (6.12-8.88) ratios are also similar to those
of OIB, suggesting that they might be derived from
the asthenosphere. Their low Rb/Sr and Sm/Nd ra-
tios (0.02-0.13 and 0.19-0.22, respectively), initial
(87SrP8sr) ratios (between 0.705 and 0.707, except
sample GZ-38) and loW**Nd/***Nd ratios (between
0.51231 and 0.51237) are similar to those of the
ocean island basalts in Walvis Ridg8aunders and
Tarney, 1988 The eng (T) values of these alka-
line basic rocks £0.47 to +0.80 for diabases, and
+0.93 to +2.69 for basalts) also indicate that they

relative to HFSE Fig. #; such as Nb and Ti, etc.),
which are typical features of subduction-related
components, similar to the granites of Xiuning and
Xucun plutons in the eastern part of the Jiangnan
orogen Ku and Zhou, 199R The initial ¢’SrféSr)
ratios are very low (0.688-0.710), suggesting that
their Rb—Sr isotopic system might be disturbed by
the late tectono-thermal events which may lead
to radiogenic Sr lossSamson et al., 1995 The
initial (87SrP8Sr) ratio of sample CS-30 is even
lower than 0.700 for their relative high Rb/Sr ratio.
Averageeng (T) of these granites is-2.34, in line
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with the Neoproterozoic strongly peraluminous
granites in Xiuning and Xucunxu, 1989; Li et al.,
20033.
6. Tectonic setting and petrogenesis
6.1. Basalts from Nangiao

The highly depleted basalts from Nangiao are within

or close to the N-MORB field in the 2Nb-Zr/4-Y, Ti/Y
versus Nb/Y, Tiversus Zrand (Th/fayersus (Th/Ta)

X. Wang et al. / Precambrian Research 135 (2004) 79-103

tectonic discriminative diagrams, as shownFig. 8.
These N-MORB basalts may represent the fragments
of old oceanic crust. The location of Nangiao is far from
the “Xiushui-Maoyuan back-arc basin” in the north of
“Jiuling old arc” (Shu et al., 1995 but near the E-

W trending “Wanzai-Nanchang” subduction zone dis-
tributed along the southern margin of the Jiuling old
arc (Fig. 1. Therefore, it is possible that the Nangiao
basalts with N-MORB features are not the back-arc
basin basalts, but represent the fragments of an “upper
oceanic crust” locally obducted along the subduction
zone. It may also represent the relicts of oceanic crust
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Fig. 8. Tectonic discriminative diagrams for the Meso- to Neoproterozoic basic rocks from Hunan Province. (a) Ti—Zr plBegatter 1982

Note (1) Basalts from Nangiao; (2) komatiitic basalts from Yiyang; (3
(5)—(6) basic rocks from Qianyang; (7)—(8) basic rocks from Guzhang;
from Jin et al. (1998)(6) data fromHe (1995) (8) data frorLiu et al. (199

)—(4) andesitic agglomerates and breccias from Baolinchong of Yiyang;
(9)-(10) breccia basalts from Gaogiao. (1-3, 5, 7 and 9) this study, (4) data

3) (10) data fronChen et al. (1998)b) (Tbh/Ta—(Th/Ta) diagram

(after Fekkak et al., 2001 Note N-MORB: “normal” MORB, E-MORB: enriched MORB, BAB: back-arc basin basalts, CFB: continental

flood basalts, OlA: Mariana-type intra-oceanic arc, IAB: intermediate
alkali and transitional basalts; and CAMB: active continental margin
1986. Note Symbols as irfFig. 2 (d) Ti/'Y-Nb/Y diagram (aftePearce,

arc basalts, OIB: ocean island basalts, CWPAB: continental within-plate

basalts. Symbol&igs I (c) 2Nb—Zr/4-Y diagram (afteleschede,
1982 Note Symbols as irFig. 2 VAB: volcanic arc basalt; WPB:

within-plate basalt; MORB: mid-ocean ridge basalt; Thol., tholeiitic; Trans., transitional; Alk., alkaline.
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in a “forearc basin”. The geological fact that the basic are different in geological context from those laf
rocks with N-MORB characters occur near the sub- et al. (1999) The former are small-scale, local and
duction zone provides new evidence for the existence directly related to plate tectonics, whereas the latter
of the Mesoproterozoic “Jiuling old arcZpou et al., are large-scale and not directly related to plate tecton-
2003. ics. The komatiitic basalts from Yiyang are companied
with arc tholeiites Xiao, 1983; HRGST, 1988; He and
Han, 1992. We have no enough geological or petro-
logical evidence to argue whether subduction step back
or the subduction of spreading center was responsible
for the association of plume-derived komatiitic basalts

6.2. Komatiitic basalts from Yiyang

The Mesoproterozoic Komatiitic basalts from
Yiyang are shown in the volcanic arc basalt field on
the Ti versus Zr diagramF{g. 8a) and in the island-  and arc-type volcanic-intrusive rocks in the Lengjiaxi
arc basalts field on the (Tbh/fayersus (Th/Ta) dia- Group of Yiyang. However, the occurrence of the ko-
gram (ig. 8). Their geochemical features are similar matiitic basalts in an arc-type assemblage in the Lengji-
to those of the komatiitic basalts in the Vetreny belt axi Group of this area suggests that the local interaction
(southeastern Baltic Shield) whose arc-magma charac-between an arc and a plume during the Mesoprotero-
teristics were regarded as results of crustal contami- zoic did exist along southern margin of the Yangtze
nation Puchtel et al., 1996 However, the komatiitic block Zhou et al., 2004 Thus, it is evident that the
basalts from Yiyang, with the geochemical features of geochemical features of arc basalt for the komatiitic
both arc and plume magmas, do not show any posi- basalts from Yiyang might be caused by local complex
tive correlation between (Nb/Thandeng, or the neg- interaction between the arc and the plume, rather than
ative correlations of (La/Sm)versuseng, (La/Sm) the results of crustal contaminations.
versus (Nb/Thy and Zr/Y versus (Nb/Th) due to
crustal contaminatiorRuchtel et al., 1996 Therefore, 6.3. Andesitic agglomerates and breccias from
the geochemistry of the komatiitic basalts from Yiyang Baolinchong
may reflect the inherited signatures from their magma
sources. Neoproterozoic andesitic agglomerates and brec-

In the late Archaean Abitibi greenstone belts, cias from Baolinchong of Yiyang are plotted close to
Canada, almost coeval (2.7 Ga) arc-type tholeiites and within-plate tholeiite (WPT) area on 2Nb-Zr/4-Y dia-
calc-alkaline volcanics are associated with plume- gram ig. 8&). However, they belong to volcanic arc
derived komatiites. Contemporaneous subduction and basalt area on the Ti versus Zr diagrafig( 8a), and
plume magmatism did occur in Abitibi greenstone are close to the same area on the Ti/Y-Nb/Y diagram
belts. These assemblages have been regarded as e\Fig. 8d). Furthermore, they are in active continental
idence of interaction between the arcs and plumes margin basalt (CAMB) field on the (Tbh/T@)versus
(Wyman, 1999; Wyman et al., 20pZ'he close spatial ~ (Th/Ta)y diagram Fig. 80). All of them suggesting an
and temporal associations of both arcs and plumes wereisland-arc setting. Both LILE enrichments and Nb and
also reported in the Cretaceous Caribbean magmatismTi negative anomalies also imply their arc magma char-
(White et al., 1999 In the Tonga arc, the komatiitic  acters.
lava derived from the Samoan plume could flow in the
early arc settingHRarley, 199%. Thus, it is seen that  6.4. Basic rocks from Qianyang, Guzhang and
arc and plume magmatism may not be exclusive but, Gaogiao
sometimes, correlated with each other. On the basis
of the model presented Wfyman (1999)arc volcan- The Neoproterozoic basalts and diabases from
ism may occur before, during and after plume activity. Qianyang and Guzhang straddle the boundary between
The interactions between arc and plume were probably OIB and CWPAB on the (Th/Tg)versus (Th/Ta) dia-
caused by subduction step back at the margin of hotspotgram §ig. 8), but fall in the within-plate basalt (WPB)

(Wyman, 1999 or the subduction of plume-modified
spreading centersHpllings and Wyman, 1999 It
should be pointed that the plumes\Wyman (1999)

field on 2Nb—Zr/4-Y, Ti/lY-Nb/Y and Ti-Zr diagrams
(Fig. 8a, c and d). These alkali basalts, with primitive
mantle-normalized patterns of LILE similar to OIB,



96

Rb/10

Hf w2 o Tax3

Rb(ppm)

X. Wang et al. / Precambrian Research 135 (2004) 79-103

sl
1000

! 100
Y-+Nb(ppm)

Fig. 9. Tectonic discriminative diagrams for the Neoproterozoic granites from northeast Hunan. (a) Rb/16-Bfplta (afterHarris et al.,
1986); (b) (Y + Nb)—-Rb plot (afteiPearce et al., 1984with field for post-collision granites (post-COLG) froRearce (1996)Solid circle, this

study; open circle, data frou et al. (2001)

might be formed in continental rifts or in oceanic is-
lands settings.

The Sinian breccia basalts from Gaogiao of Xin-
hua belong to the CFB field on the (Tb/fayersus
(Th/Ta)y diagram Fig. 8b), but fall in or close to the
WPB field on the other three tectonic discriminative
diagrams Fig. 8a, ¢ and d). They occur in the Sinian
rifting basin. It is doubtless that they are the typical
rifting basalts Chen et al., 1998 Thus, their forma-

1634 to 1707 MaTable 2, which are comparable with
those of the Mesoproterozoic sedimentary rocks from
the southern margin of Yangtze Blodki ¢t al., 1991;
Chen and Jahn, 1998This implies that the Mesopro-
terozoic strata may be the sources for the SP granitic
magma. On the other hand, the metamorphic sedimen-
tary rocks of the Mesoproterozoic Lengjiaxi Group
in northeastern Hunan Province are dominantly psam-
mitic to pelitic in compositionXiao et al., 2002 Thus,

tion, corresponding to the diabases and basalts fromit is believed that these SP granitic magmas should be
Qianyang and Guzhang, might be correlated with the the products of the partial melting of the psammitic

Neoproterozoic rifting event in South China.

6.5. Granites from northeastern Hunan

rocks in the Mesoproterozoic Lengjiaxi Group.

7. Implications for the tectono-magmatic

The strongly peraluminous granites from northeast- evolution

ern Hunan fall within the collision granite field in
the Rb/10-Hf-Tax 3 diagram Fig. 9a), and they are
also located in the field of post-collisional granite on
(Y + Nb) versus Rb diagranf{g. %), suggesting that

The Jiangnan orogen was previously considered to
be the products of late Meso- to early Neoproterozoic
orogenic eventsGuo et al., 1984; Shui, 1987; Xing

the SP granitic magmas were generated during the post-et al., 1992; Zhou and Zhu, 1993; Li and Mu, 1999

collisional stage l(iegeois, 1998 Sample DW-33-1
is located in the WPG (within-plate granite) area in
Fig. %, due to its high Y contents resulted from ap-
preciable garnets in it, which is confirmed by its high
HREE (Fig. 6). Source rocks for the SP granites from
NE Hunan Province should be psammitic for their high
CaO/NaO (>0.3) and magmatogenic cordierite miner-
als (Sylvester, 1998 Their Nd model ages range from

which ledLi et al. (1995, 19990 correlate it with

the Grenville-aged orogens, and to propose that the
South China was an important part of Rodinia. How-

ever, recentisotopic dating indicates that the collisional
event between the Yangtze and Cathysia blocks took
place during Neoproterozoic (ca. 870-820 Ma) rather
than Grenvillian (ca. 1100-900 Ma). The high-pressure
glaucophane-bearing schists from Huaiyushan of
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Jiangxi Province, the central part of Jiangnan orogen, been completed, and the collision between the Yangtze
gave a K-Ar age of 86& 14 Ma (Shu et al., 1998 and Cathysia blocks took place, which finally led to the
Amphibole from the blueschists from NE Jiangxi formation of the Jiangnan orogen, NEE stretching over
Province yielded an Ar—Ar age of ca. 8544.8.3 Ma 1500 km long. The Mesoproterozoic Lengjiaxi Group
(Xu et al., 1992. A similar high-pressure metamor-  with a NE-NEE trending fold axis experienced exten-
phic event has also been reported from the Mayuan sive low-grade metamorphism. There is an obvious un-
Group from the northern part of Fujian Province in conformity between the Lengjiaxi Group and the Banxi
the Cathaysiagzhao and Cawood, 1999New zircon Group inthe area, which is considered as important ge-
SHRIMP U-Pb date shows that the S-type granites ological evidence for the Jinningian orogeny.
distributed along the Jiangnan orogen were emplaced

at~820Ma (i, 1999; Li et al., 2003p In fact, the 75 gjap breakoff during the Mid-Neoproterozoic
870-820 Ma orogenic event is not unique to South

Ching; it has also been reported from northeastern e gp granites from northeastern Hunan have
Zimbabwe ¥inyu et al., 1999 and Yenisei fold belt  paen traditionally regarded as the products of the syn-
_(Safonov, 1992 The (_Srenwlllan cont_lnental collision  gjiisional magma activities during the orogenu(

in South China was first proposed _byet al. (2002b) 1989 Luo, 1994 Recently, however, it has been pro-
who, however, did not provide reliable metamorphic oseq that the formations of the Neoproterozoic SP
ages. Recently, the-825Ma mafic-ultramafic rocks  yranites along the Jiangnan orogen might be triggered
and granitic rocks distributed along the Jiangnan Oro- py a~825 Ma superplume beneath South Chibiae

gen have been regarded as the results of the upwelling,| 20033 We think it is most likely that the SP gran-
ofasuperplume which led to the breakup of the Rodinia jieg are the products of post-collisional magmatism,
supercontinentl{ et al., 2002a, 2003a, 2003b, 1995 414 their origin may have been related to the breakoff

On the other hand, the superplume model is ques- uf the subducted oceanic slab. The major evidence is
tioned by regional geology, petrology and geochronol- g,mmarized as follows:

ogy (Zhou et al., 2002, 2004; Wang et al., 2002—T—t
studies of the Mayuan assemblage in the Cathaysia(l) The ca. 870Ma high-pressure glaucophane-
also suggested a mid-Neoproterozoic collisional rather bearing schists from Huaiyushan of Jiangxi

than an intra-cratonic eventZlao and Cawood, Province (the central part of Jiangnan orogen)
1999. Detailed geochronological and geochemical represent the peak of the Neoproterozoic colli-
studies of the Meso- to Neoproterozoic basic—acid sion event between the Cathaysia and the Yangtze
rocks will provide insights into the history of the Block. They are older than the ca. 819 Ma Neo-
Precambrian tectono-magmatism of the orogen in proterozoic peraluminous granites from NE Hu-
the area. nan and NW Jiangxi. Moreover, it was observed
in the field that the foliation of the blueschists in
7.1. Subduction of the Mesoproterozoic oceanic NE Jiangxi is cut locally by the regional schistos-
crust ity, which is in turn cross-cut by the SP granites
(Charvetetal., 1996 Thus, the SP granites should
The occurrence of the Mesoproterozoic typical N- have been emplaced during the post-collisional
MORB from Nangiao of Liuyang near the subduction stage.
zone, combined with the island-arc features of the ko- (2) Geochronological and geochemical characteristics
matiitic basalts occurring in the Lengjiaxi Group in of the SP granites from northeastern Hunan are
Yiyang, indicates that oceanic subduction and arc ac- similar to those of the granites in Xiuning, Shex-
tivities existed in the HPWJO during the Mesoprotero- ian and Xucun plutons in the eastern Jiangnan oro-
Zoic, as in the eastern part of the Jiangnan orogen and  gen and the Sanfang pluton in the western Jiangnan
other areas in its western pa@o et al., 1984; Zhou orogen (i, 1999; Lietal., 2003a Their zonal dis-
and Zhu, 1993; Xing et al., 1992These may represent tribution along the NEE trending Jiangnan orogen
the prelude of the early Jinningian orogeny in the area indicates that the formations of these SP granites

(Fig. 1(a). At ca. 870 Ma, the subduction may have may not be correlated with the mantle plume.
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Fig. 10. Sketch evolution model for western Jiangnan orogen in Hunan Province during Meso- to Neoproterezb80@ajla, (b) 870-820 Ma
and (c) 820-680 Ma.

(3) It has been generally accepted that a large number  and collision in both the Alps and northwest Hi-

of S-type granites in orogens emplaced during the malayas orogensXbrien, 200). It was reported
post-collisional stagel{egeois, 1998; Sylvester, that the basic rocks and/or k-rich lamprophyres,
1998. Davies and Blanckenburg (199pjoposed in general, are accompanied with a slab breakoff
that the breakoff of a subducted lithospheric slab is (Davies and Blanckenburg, 1995; Atherton and
a natural consequence of an ocean closure. Forex-  Ghani, 2002 It has also been found that there
ample, the slab breakoff occurred after subduction are a few spessartites dykes intruded the Lengjiaxi
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Group about 5km north of the SP granite intru- geochemical features of OIB, may represent a rifting
sions in northeastern Hunan. In addition, many ba- event in the area. This, however, is most probably in-
sic rocks intruded the Lengjiaxi Group have been duced by the breakoff of a subducted lithospheric slab
found along the southeastern margin of the eastern during the post-collision, rather than a plume event.
Jiuling granite intrusion in Jiangxi Province. The Fig 10c shows a preliminary model for the formation
occurrences of these spessartites and basic rocksand evolution of the basic magmas in the HPWJO dur-
may provide further evidence for the possible slab ing late Neoproterozoic. The breakoff of the subducted
breakoff event. slab led to the extension of the lithosphere under the
- ) _southern margin of the Yangtze block. Then, the un-
The andesitic rocks from Baolinchong, coeval with  geplating and ascending of the asthenosphere-derived
the SP granites fro_m_NE Hunan, have also been formed magma caused the eruption of within-plate basic mag-
after the peak collision, suggesting that they are also 55 having OIB characteristics, which might represent
the products of the post-collisional magmatisms. An- he beginning of the rifting in HPWJO. Finally, the oc-
desites generated from the post-collisional settings in -, ,rence of the breccia basalts from the Sinian basin
the world have also been reportedgck etal. (1998) — (chen et al., 1998 may indicate the continuous rifting
Taken together, the model of subducted slab 5ng the southeastern margin of the Yangtze block.

breakoff can well explain the genesis of the Neopro- gy the distribution style and field evidence of these
terozoic SP granites and andesitic rocks in the HPWJO. pasic rocks do not accommodate a mantle plume model.
A geological evolutionary model for the HPWJO be-  Therefore, our conclusion is that geological events re-
tween 870 and 820 Ma is simply describedrig. 1(. lated to the rifting in the HPWJO may have resulted
First, the north-toward subduction of the oceanic crust .o the post-collisional extension, breakoff of a sub-

in the north of the Cathysia Block continued during  qycted slab and collapse of the orogen rather than the
the early Neoproterozoic. Then, the slab breakoff oc- uprising of a superplume as proposed bgt al. (1999,
curred after the peak collision between the Cathysiaand 2003b)

Yangtze blocks. This led to the eruption of the andesitic

magma and to the underplating of the deeper astheno-

sphere magma, causing a large scale partial melting ofg  conclusions

the metamorphic rocks of the Lengjiaxi Group to form

granitic magma in the middle to lower crust. The lat- The Meso- to Neoproterozoic basic—acid rocks
ter, then, ascended and captured fragments of the walljgcated in HPWJIO may record the evolution of the
rocks, and finally emplaced in the middle to shallow \yestern Jiangnan orogen in South China. The Meso-

crustal level. proterozoic basic rocks with arc signatures are the prod-
ucts of stage-different magmatism of the Jinningian
7.3. Rifting in the HPWJO orogeny, which finally led to the formation of the Jiang-
nan orogen at 870-820 Ma. The Jiangnan orogen is
A superplume model was put forward hy et al. different in age from the Grenvillian orogen, which is

(1999, 2003bjo explainthe~825 Ma mafic-ultramafic ~ considered to have led to the assembly of Rodinia. The
rocks and coeval granites in northern Guangxi, South Neoproterozoic granites from northeastern Hunan and
China. However, were the formations of these Neo- the andesitic rocks from Baolinchong in central Hu-
proterozoic basic—acid rocks related to a superplume?nan are the products of post-collisional magmatisms
Where was the Proterozoic superplume? These ques+elated to the subducted slab breakoff, not related to
tions bring about a hot debate. Magmatism related to a superplume activities. The Neoproterozoic basic rocks
superplume event in northern Guangxi as proposed by with OIB-like geochemical features from western Hu-
Li et al. (1999, 2003byvas questioned bghou et al. nan may be considered to represent the beginning of the
(2004) who found no rifting magmatism in the west- rifting in the HPWJO. The Sinian breccia basalts from
ern Jiangnan orogen820 Ma ago. The 760-750Ma  Gaogqiao of central Hunan suggest a continuous rifting
basic rocks from western Hunan and the 750-680 Ma process. Therifting inthe HPWJO is considered to have
Sinian breccia basalts from central Hunan, with typical resulted from the post-collisional extension, breakoff
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of a subducted slab and collapse of the orogen, rather
than a superplume event.
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